Pefurazoate is a 14a-demethylation inhibitor of 24-methylenedihydrolanosterol (24-MDL) and has an asymmetric carbon atom in its structure. We previously reported that the antifungal activity of the (S)-(-)-isomer of pefurazoate against Gibberella fujikuroi was about thirty times that of the (R)-(+)isomer. This enantioselective antifungal activity was presumed to be due to an asymmetric molecular shape caused by the binding of a bulky 2-furanylmethyl group to a nitrogen atom adjacent to the asymmetric carbon atom. Therefore, to further elucidate the difference in antifungal activity between the two enantiomers of pefurazoate, we synthesized optically active N-methyl analogues of pefurazoate, and evaluated their antifungal activity. Optical (R)-(+)-and (S)-(-)-isomers of pefurazoate exhibited different activities against Cochliobolus miyabeanus and Pyricularia oryzae as well as Gibberella fujikuroi, but the N-methyl (R)-(+)-and (S)-(-)-isomers of the pefurazoate analogues had almost the same degree of activity against these three fungi and of inhibition of ergosterol biosynthesis in G. fujikuroi.
INTRODUCTION
Pefurazoate {IUPAC name: pent-4-enyl N-furfuryl-Nimidazol-l-ylcarbonyl-DL-homoalaninate, CA name: 4pentenyl 2-[(2-furanylmethyl)(1 H-imidazol-lylcarbonyl)amino]butanoate} is a novel imidazole compound registered as a rice seed disinfectant in Japan in 1989. 1, 2) In our previous study, 3 pefurazoate was found to be a 14a-demethylation inhibitor (DMI) of 24methylenedihydrolanosterol (24-MDL), in common with other azole fungicides.
A large number of azole fungicides have been launched in the agrochemical market. Stereochemically, many azole fungicides have more than one asymmetric carbon atom in their structures. The relationship between the stereoisomerism of these compounds and their biological activity is of particular interest. It has been reported that stereoisomers of azole compounds had different biological activities. 4 As shown in Fig. 1 , pefurazoate has an asymmetric carbon atom in its structure. Our previous study showed that the antifungal activity of the (S)-(-)-isomer Ib of pefurazoate against Gibberella fujikuroi was about thirty times that of the (R)-( + )isomer Ia. 3 This enantioselectivity in antifungal activity might be due to the conformational asymmetry due to the 2-furanylmethyl group at the nitrogen atom adjacent to the asymmetric carbon atom. Considering the site of interaction of pefurazoate as a 14a-demethylation inhibitor, the presence of the bulky 2-furanylmethyl group might contribute to enantioselective antifungal activity. In the present study, we synthesized racemate (II) and optical isomers (IIa, IIb) of N-methyl analogues of pefurazoate, and compared their activities against Cochliobolus miyabeanus, Pyricularia oryzae and Gibberella fujikuroi with those of optical isomers of pefurazoate. We also studied their molecular shapes and enantioselective activity in the inhibition of ergosterol biosynthesis in G. fujikuroi.
MATERIALS AND METHODS

Chemicals
The chemicals used in this experiment are listed in Fig 
3 Methyl (R)-( + )-2-[ (2 furanylmethyl)
(1 Himidazol-1 ylcarbonyl)amino] butanoate (IIIa) Compound IIIa was prepared using a procedure similar to that for compound IIa, starting from methyl (R)-(-)-2-aminobutanoate hydrochloride. The synthesis was performed by N-furfurylation of methyl (R)-(-)-2aminobutanoate hydrochloride with furfuryl chloride, followed by formation of carbamoyl chloride with TCF and reaction with imidazole. 3 The crude product thus obtained was subjected to silica gel column chromatography (n-hexane/ethyl acetate=l/1, v/v) to obtain IIIa as a pale yellowish oil (total yield 27%), which crystallized later. mp 42-43C (recrystallized from n-hexane).
[a]+4. l(c= 10. 0, methanol), CI-MS m/z: 292 (MH+), 224, 149, 81, 69. 1H NMR oTMS' ppm: 0. 76 (3H, t, J=7. 3 Hz, CHCH2CH3), 1. 94-2. 14 (2H, m, CHCH2 CH, ), 3. 75 (3H, s, OCH3), 4. 04 (1 H, dd, J=9. 5, 5. 6 Hz, methine), 4. 47, 4. 76 (2H, d, J9em=16. 6 Hz, 2-furanylmethyl), 6. 35-6. 40 (2H, m, furan), 7. 13 (1H, bs, imidazole), 7. 47 (1H, bs, furan), 7. 51 (1H, bs, imidazole), 8. 16
Starting from methyl (S)-(+)-2-aminobutanoate hydrochloride, compound IIIb was prepared by the same method as for compound IIIa.
Compound IIIb was confirmed by CI-MS and 1H NMR spectra. mp 42-43C (recrystallized from nhexane). [a1 -4. 1 (c =10. 2, methanol).
Determination of Chemical Purity
The chemical purities of the racemates (II, III) and their optical isomers (IIa, IIb, IIIa, IIIb) were measured by high performance liquid chromatography (HPLC) analysis based on peak area percentage with a Shimadzu 
Determination of Optical Purity
The optical purities of the N-methyl isomers ha and lib were measured by HPLC in comparison with the separated peak area of each isomer using the same apparatus as for chemical purity analysis. The operating conditions were as follows: column, ULTRON ES-OVM (4. 6 mm id. X 15 cm); eluent, acetonitrile/Briton-Robinson buffer (pH 8. O)= 1/19 (v/v); flow rate, 1. 5 ml/ min; detection wavelength, 225 nm; column temperature, room temperature.
The optical purities of the methyl ester isomers IIIa and IIIb were also measured under the following HPLC conditions: column, ULTRON ES-OVM (4. 6 mm id. X 15 cm); eluent, two mobile phases A (10 mM KH2PO4 aqueous solution) and B (methanol/ 10 mM KH2PO4 aqueous solution = 3/ 17, v/v) were used; flow rate, 1. 0 ml/min; detection wavelength, 220 nm; column temperature, 35C. Elution was performed with 75% of mobile phase A and 25% of mobile phase B for the first 2 min. A linear gradient of elution from 25% to 95% of mobile phase B was performed for the next 38 min, and then 5% of mobile phase A and 95% of mobile phase B was used for the final 10 min.
The optical purities of the compounds newly synthesized in this study were as follows: ha: 97. 6% ee, lib: 81. 7% ee, IIIa :100% ee, IIIb: 96. 6% ee.
Test Organisms
The fungi used in this study were Gibberella fujikuroi (benzimidazole-sensitive strain), Cochliobolus miyabeanus and Pyricularia oryzae.
Antifungal Test by Agar Dilution Method5
Each racemate (I, II) and optical isomers (Ia, Ib, ha, IIb) in acetone were added to a potato dextrose agar (PDA) medium (50 ml). Acetone was evaporated to obtain the desired concentration. After 10 ml of agar medium containing a test compound was poured into a petri dish (90 mm in diameter), a mycelial disc of fungus (3 mm in diameter) was placed on the center of the PDA medium. After incubation at 28C for 3 or 4 days, the diameter of the mycelial colony was measured and mycelial growth inhibition was calculated percentagewise in comparison with the control. Dose-response curves and EC50 values (50% effective concentration) were obtained from probit conversion of mycelial growth inhibition (%) and the logarithm of the concentration (ppm) (Fig. 2) .
Inhibition of Ergosterol Biosynthesis in G. fujikuroi
Effects on ergosterol biosynthesis of optical isomers (ha, IIb) of pefurazoate N-methyl analogues were studied using a method previously reported, 3 with 14C-acetate as a precursor for fungal lipids. Total lipids were extracted with chloroform and methanol (chloroform/ methanol 1/2, v/v). 3, 6) Then the amounts of 14Clabeled lipid fractions separated by thin-layer chromatography (24-MDL, obtusifoliol, ergosterol and other lipids) were measured by autoradiography. 3
X -Ray Analysis
Pefurazoate racemate (I), its optical isomers (ha, Ib) and pefurazoate N-methyl analogues (II, ha, IIb) could not be examined by X-ray analysis because they were all oily substances, and therefore crystalline methyl ester racemate III, its (R)-( + )-isomer IIIa and allyl ester racemate IV were subjected to X-ray analysis in order to predict the conformations of optical isomers ha, Ib, ha and IIb.
Crystals of III, IIIa and IV for X-ray analysis were prepared by recrystallization from n-hexane.
1 Racemate III
A colorless crystal of racemate III (0. 35 X 0. 35 X 0. 30 mm, recrystallized from n-hexane) was mounted on a Rigaku AFC N2-R diffractometer. All measurements were performed with graphite mono-chromated CuKa radiation.
Crystal data: C14H17N3O4, formula weight 291. 31, mp 0 0 75-7TC, monoclinic, a= 19. 230 (2) A, b = 7. 141 (1) A, c=14. 126 (2) A, Q=130. 84 (1), V=1467. 6 (3) A3, space group Cc (# 9), Dcaic=1. 318 g/cm3, Z=4, u (CuKa) 7. 8 cm-1. Of the reflections collected up to a maximum 20 value of 125, 1 168 reflections were measured over 3. 006(Fo) level and used for determination of structure. The structure was determined by direct methods and refined by the full-matrix least-squares method. The final R value was 0. 040. 8. 2 (R)-(f)-Isomer Illa A colorless crystal of IIIa (0. 30 X 0. 40 X 0. 08 mm, recrystallized from n-hexane) was mounted on a Rigaku AFC 7R diffractometer. All measurements were performed with graphite mono-chromated CuKa radiation.
Crystal data: C14H17N3O4, formula weight 291. 31, mp 42-43C, orthorhombic, a =11. 272 (1) A, b =17. 776 (2) A, c=7. 638 (1) A, V=1530. 4 (3) A3, space group P21212 (# 18), Dcaic=1. 264 g/cm3, Z= 4 u (CuKa) = 7. 87 cm-1. Of the reflections collected up to a maximum 2 8 value of 120. 1, 1054 reflections were measured over 3. 006(I) level and used for determination of structure. The structure was determined by direct methods and refined by the full-matrix least-squares method. The final R value was 0. 044. &3 Racemate IV A colorless crystal of racemate IV (0. 40 X 0. 30 X 0. 05 mm, recrystallized from n-hexane) was mounted on a Rigaku AFC 7R diffractometer. All measurements were performed with graphite mono-chromated CuKa radiation.
Crystal data: C16H19N3O4, formula weight 317. 34, mp 69-71 C, monoclinic, a=7. 550 (1) A, b =15. 148 (3) A, c =14. 271 (1) A, Q = 93. 77 (1), V =1628. 6 (4) A3, space group P211 (# 14), Dcalc=1. 294 g/cm3, Z=4, i (CuK a) = 7. 84 cm-1. Of the reflections collected up to a maximum 20 value of 120. 1 , 1701 reflections were measured over 3. 006(I) level and used for determination of structure. The structure was determined by direct methods and refined by the full-matrix least-squares method. The final R value was 0. 041.
RESULTS AND DISCUSSION
Antifungal Activity
The EC50 values and the dose-response curves for racemates and enantiomers are shown in Table 1 and Fig. 2 , respectively. Pefurazoate optical isomers Ia and Ib exhibited highly enantioselective antifungal activity against all three species of fungi. As determined by EC50 values against G. fujikuroi (Table 1) , the (S)-(-)-isomer Ib was approximately thirty times as active as (R)-(+)isomer Ia, and twice as active as racemate I. Against C. miyabeanus and P. oryzae, the (S)-( -)-isomer Ib was approximately five to ten times as active as (R)-(+)isomer Ia. The upper graphs in Fig. 2 show that the dose-response curves of racemate and enantiomers of pefurazoate do not overlie each other. In contrast with pefurazoate, the EC50 value ratios of N-methyl analogues based on that of racemate II (II/II, ha/II, IIb/II) were 1. 0, 0. 65 and 0. 74 for G. fujikuroi, 1 . 0, 1. 0 and 0. 98 for C. miyabeanus, and 1. 0, 0. 77 and 0. 80 for P. oryzae (Table  1 ). In addition, the dose-response curves of N-methyl analogues (II, IIa, IIb) for these three fungi lay nearly one upon another (Fig. 2) . These results suggest that optical isomers of pefurazoate exhibit highly enantioselective antifungal activity, while optical isomers of the N-methyl analogues do not differ in enantioselective activity. Interestingly, the antifungal activity of N-methyl analogues (II, IIa, lib) against P. oryzae was much less than those against G. fujikuroi and C. miyabeanus, unlike pefurazoate ( Table 1 ).
Inhibition of Ergosterol Biosynthesis in G. fujikuroi
The effects of N-methyl analogues (IIa, IIb) of pefurazoate on ergosterol biosynthesis are shown in Table 2 . In order to perform the inhibition test without significant effects of compounds on fungal growth, the test was conducted at 0. 03 ppm of isomers ha and IIb. At this concentration, incorporation of 14C-acetate into the total lipids of G. fujikuroi was almost the same as untreated control ( Table 2) . When each N-methyl optical isomer of the pefurazoate analogues was added to the incubation mixture, 24-methylenedihydrolanosterol (24-MDL) and obtusifoliol (OF) accumulated, while ergosterol (ES) biosynthesis was suppressed by each N-methyl isomer to the same extent. In contrast, our previous study revealed highly enantioselective activity between pefurazoate (R)-(+ )-isomer Ia and (S)-(-)-isomer Ib in the inhibition of ES biosynthesis in G. fujikuroi ( Table 2) . 3 These findings indicate that N-methyl optical isomers IIa and lib also inhibited ES biosynthesis from 24-MDL, but that their potencies in inhibiting ES biosynthesis were similar.
X-Ray Crystal Analysis and Molecular Shape
Since the racemates and optical isomers of pefurazoate (I, Ia, Ib) and its N-methyl analogues (II, IIa, IIb) were Table 1 EC50 values of racemates and optical isomers of pefurazoate and its N-methyl analogues against G. fujikuroi, C. miyabeanus and P. oryzae. a) EC 50 values against G. fujikuroi of pefurazoate racemate I and its isomers Ia and Ib are taken from a previous report. 3 b) I and II are racemates. C) Ia and ha are (R)isomers. d) Ib and IIb are (S)-isomers. e) EC50 (ppm). f) EC50 value ratio based on that of racemate I or II. all liquid substances, their X-ray crystal analysis was impossible. Instead of them therefore, crystalline methyl ester racemate III and allyl ester racemate IV of the pefurazoate analogues were subjected to X-ray analysis to predict the conformations of pefurazoate and its N-methyl analogues. X-Ray analysis of III and IV revealed that each racemate consisted of a pair of mirror symmetric (R)-and (S)-confomers, and no other rotational confomers along the chiral carbon atom and its neighbouring nitrogen atom were observed (Fig. 3) . The conformations of racemates III and IV were very similar except for the opposite orientation of their car- bonyl groups in the ester moiety and imidazole rings. Furthermore, as shown in Fig. 4 , the X-ray crystal structure of the methyl ester of (R)-(+)-isomer IIIa prepared separately was completely superimposed on that of (R)isomer IIIa determined by X-ray analysis of racemate III. These results indicate that the conformations of these compounds are only slightly affected by molecular packing and the length of the ester moiety.
Based on these findings, the molecular shapes of pefurazoate isomers la and Ib were constructed from the X-ray crystal structures of IIIa and IIIb, respectively, by extending the ester chain from the methyl group to a staggered 4-pentenyl group, and those of N-methyl optical isomers IIa and lib were constructed from the molecular shapes of la and Ib, respectively, by replacing the 2-furanylmethyl group with a methyl group. The conformations thus obtained were optimized further by semi-empirical molecular orbital calculations using PM3 method in the MOPAC program (version 6. 00). The molecular shapes of pefurazoate (S)-(-)-isomer Ib and N-methyl (S)-(-)-isomer IIb are shown in Fig. 5 .
Enantioselective Antifungal Activity and Ergosterol
Biosynthesis Pefurazoate has been reported to be an inhibitor of Fig. 4 Superimposition of X-ray crystal structure of the methyl ester of (R)-isomer IIIa observed in racemate III on that of (R)-(+)-isomer IIIa. 14a-demethylation of 24-MDL. 3'9"0) Demethylation, as in the case of other azole fungicides, might be inhibited by the interaction between the imidazole N-3 atom of pefurazoate and the Fe atom of cytochrome P450. A recent report indicated that stereoisomers of an imidazole fungicide exhibited highly enantioselective antifungal activity against G. fujikuroi."
We previously found that the (S)-(-)-isomer Ib was the active ingredient of pefurazoate, and that it was about thirty times as active as (R)-(+ )-isomer Ia against G. fujikuroi both in mycelial growth inhibition and ergosterol biosynthesis inhibition. 3 In the present study, the optical isomers of pefurazoate also exhibited highly enantioselective antifungal activity against C. miyabeanus and P. oryzae ( Table 1 , Fig. 2 ). The relative order of enantioselective activity against the fungi was as follows: G. fujikuroi>C. miyabeanus> P. oryzae. In contrast, the two optical isomers of the pefurazoate N-methyl analogues (ha, lib) exhibited very little difference not only in mycelial growth inhibition for these three fungi ( Fig. 2 ) but in inhibition of ergosterol biosynthesis in G. fujikuroi ( Table 2 ). Based on these findings, we examined the difference in enantioselective activity between pefurazoate and its N-methyl analogues by comparing their molecular shapes. As shown in Fig. 5 , the furan ring of (S)-isomer of pefurazoate protruded to an extreme extent in a direction different from that of the imidazole ring. The relative locations of the furan and imidazole rings of the (S)-isomer were exactly opposite those of its (R)isomer. In contrast, the N-methyl analogues of pefurazoate have no substituents as bulky as furan rings to affect enantioselective activity. These results clearly suggest that the space occupied by the furan ring at the nitrogen atom and the relative orientation of the ring affect enantioselective activity, and that the conformation of the (S)-isomer of pefurazoate is more favorable than that of its (R)-isomer for interaction with the 14ademethylation enzyme, cytochrome P450.
